Wide binaries with hot subdwarf-B (sdB) primaries and main sequence companions are thought to form only through stable Roche lobe overflow (RLOF) of the sdB progenitor near the tip of the red giant branch (RGB). We present the orbital parameters of eleven new long period composite sdB binaries based on spectroscopic observations obtained with the UVES, FEROS and CHIRON spectrographs. Using all wide sdB binaries with known orbital parameters, 23 systems, the observed period distribution is found to match very well with theoretical predictions. A second result is the strong correlation between the orbital period (P) and the mass ratio (q) in the observed wide sdB binaries. In the P-q plane two distinct groups emerge, with the main group (18 systems) showing a strong correlation of lower mass ratios at longer orbital periods. The second group are systems that are thought to be formed from higher mass progenitors. Based on theoretical models, a correlation between the initial mass ratio at the start of RLOF and core mass of the sdB progenitor is found, which defines a mass-ratio range at which RLOF is stable on the RGB.
INTRODUCTION
Hot subdwarf-B (sdB) stars are core-helium-burning stars with a very thin hydrogen envelope (MH < 0.02 M ), and a mass close to the core-helium-flash mass ∼ 0.47 M (Heber 2009 (Heber , 2016 . It was found that many sdB stars reside in a binary system (e.g. Koen et al. 1998; Maxted et al. 2001; Morales-Rueda et al. 2003; Napiwotzki et al. 2004) . Currently the consensus is that sdBs are solely formed by binary interaction, and the three main formation channels that contribute to the sdB population are the common-envelope (CE) ejection channel (Paczynski 1976; Han et al. 2002) , the stable Roche-lobe overflow (RLOF) channel (Han et al. E-mail: astro@jorisvos.eu 2000, 2002) , and the formation of a single sdB star as the end product of a binary white-dwarf (WD) merger (Webbink 1984) .
Binary population synthesis (BPS) studies performed by Han et al. (2002 Han et al. ( , 2003 and Chen et al. (2013) found that the CE ejection channel leads to close binaries with periods on the order of hours up to tens of days with white dwarf (WD) or main sequence (MS) companions. Many observational studies have focused on these short period systems (e.g. Copperwheat et al. 2011; Geier et al. 2011; Kupfer et al. 2015) , and the more than 150 solved systems match well with the results from BPS studies. Furthermore, also possible progenitors for the close sdB binaries have been proposed (see e.g. Beck et al. 2014 ) The RLOF channel produces sdB+MS binaries with orbital periods on the order of several years, up to ∼ 1600 days. Long period sdB binaries have been sugested (e.g. Green et al. 2001 ), but only recently the first orbital periods have been published (Deca et al. 2012; . Finaly, the WD merger channel produces single sdBs which can potentially have higher masses. Here we focus on the wide sdB+MS binaries formed through the stable RLOF channel.
One of the main unknowns in the evolution of binary systems containing a red giant star is the stability of RLOF. This stability criterion has an important impact on the final orbital periods of those systems that undergo mass loss on the RGB. If the sdB-progenitor's evolutionary expansion on the RGB matches that of its Roche-lobe, mass loss will be stable. However, if the increase in radius of the primary significantly exceeds that of its Roche-lobe, a CE will be formed and the system will undergo a spiral-in phase. Currently employed stability criteria based on polytropic models (Hjellming & Webbink 1987) are clearly too strict (Woods et al. 2012) . Improvements on these criteria have been suggested by Ge et al. (2015) using adiabatic models, and Pavlovskii & Ivanova (2015) found that a super-adiabatic layer in the donor star allows for stable mass-loss in a wider range of conditions.
Wide sdB+MS binaries are useful systems to study the stability of RLOF on the RGB. They are double lined spectroscopic binaries of which the primary mass is close to the core-helium-flash mass, allowing a complete solution for the orbits. A long term observing program was started in 2009 with the HERMES spectrograph at the Mercator telescope . This program was extended in 2011 to cover southern targets using UVES at the 8.2m VLT, FEROS at the 2.2m MPG and CHIRON at the 1.5m SMARTS telescope . Currently 36 wide sdB binaries are being monitored in this program. The systems that were part of the original program with Mercator have been analysed and orbital parameters for eight systems have been published in Vos et al. (2012 Vos et al. ( , 2013 Vos et al. ( , 2017 . Here we present the orbital parameters of eleven new systems observed with the UVES, FEROS and CHIRON spectrographs. These eleven new systems allow us to study the relation between orbital period and mass-ratio for all known long period sdB+MS binaries with solved orbits. The focus of this article is on the orbital parameters of the wide sdB+MS binaries. A detailed study of their atmospheric properties and population membership will be the subject of a future article.
Using all wide sdB+MS binaries with known orbital periods, we compare the distribution of the observed periods with the predictions of the theoretical models of Chen et al. (2013) . Furthermore the relation between the mass ratio and orbital period is used to study the stability of RLOF on the RGB, and derive a relation between the critical initial mass ratio at the start of RLOF and the final mass of the hot subdwarf star.
SPECTROSCOPY
The wide sdB+MS systems presented in this article are part of a long term monitoring campaign using the UVES spectrograph at the VLT Kueyen telescope (UT2) on Cerro Paranal described in Vos et al. (2018) . UVES is a two-arm cross-dispersed echelle spectrograph (Dekker et al. 2000) , and it was used in standard dichroic-2 437+760 mode covering a wavelength range of 3730 -4990Å in the BLUE arm and 5650 -9460Å in the RED arm. To reach a resolution of around 40 000, a slit width of 1 arcsec was used. At this moment ten of these systems have sufficient orbital coverage to derive orbital parameters. An overview of these systems is given in Table 1 . All UVES spectra were reduced using the UVES pipeline and the reflex workflow engine (Freudling et al. 2013) .
For five of these targets earlier observations taken with FEROS at the 2.2m MPG telescope are available in the ESO archives. These observations are ideal to constrain the orbital period. To reduce the FEROS spectra, the Collection of Elemental Routines for Echelle Spectra (CERES, Brahm et al. 2017 ) package was used. CERES is a set of routines for echelle spectrographs, which contains a fully automated pipeline to reduce FEROS spectra.
One system was observed with the fiber fed echelle spectrograph CHIRON (Tokovinin et al. 2013) attached to the 1.5m telescope at the Cerro Tololo Inter-American Observatory in Chile operated by the SMARTS consortium. CH-IRON was used in fiber mode with an average resolution of R = 25 000, and the spectra have an average signal to noise (S/N) of 30. The CHIRON spectra cover the wavelength range from 4505 to 8899Å in 62 orders. To increase the wavelength stability a ThAr spectrum was taken after each observation. The spectra were reduced and wavelength calibrated by the SMARTS consortium using the Yale pipeline (Tokovinin et al. 2013 ).
Radial velocities
The determination of the radial velocities of the main sequence (MS) component in the UVES spectra is straightforward as they have many clear metal lines visible in the spectra. Even with a low S/N, accurate velocities can be derived. To derive the radial velocities of the MS component a cross-correlation (CC) with a template spectrum is used. If a spectral analysis of the system has been performed (e.g. in Vos et al. 2018) , a synthetic template with those properties is used. If no such analysis exists, a template matching the spectral class is used. The exact template used for each system is given in the Class information in Table 1 . The CC is performed on regions of both the blue and red orders where there are no significant lines from the sdB star, and where there are no atmospheric or interstellar features. Balmer lines are ignored as well. To derive the radial velocities from the CC function, it is fitted with a Gaussian or rotational template depending on the rotational velocity of the star. To determine the errors of the radial velocities a Monte-Carlo (MC) simulation is used where noise is added to the spectrum and the CCF is repeated, the final error is the standard deviation of the radial velocities determined in this way. This method is explained in more detail in Vos et al. (2017) . The error due to the wavelength stability of the calibrations is also taken into account in this process.
The CERES pipeline used to reduce the FEROS spectra is equipped with a set of functions that can compute the cross correlation function using a binary mask based on the method outlined in Baranne et al. (1996) . The masks used by CERES are the same ones as those used in the HARPS Table 1 . The coordinates and magnitudes and classification of the eleven new wide sdB binaries. The classification provided here is taken from the literature. The spectrographs used are UVES at the VLT (U), FEROS at the 2.2m MPG (F) and CHIRON at the 1.5m SMARTS (C). In the last column is indicated if the sdB component has metal lines visible in the spectrum which were used in the determinaton of their radial velocities. (Mayor et al. 2003) . The CERES pipeline comes with a G2, K5 and M5 mask. As some of the cool companions of our systems are F-type stars, we have supplemented this set with the F0 mask from HARPS. The exact mask used for each system is the one closest to the class given in Table 1 . This algorithm is used to derive the radial velocities of the MS component of our sdB binaries. The only change made to the algorithm is to exclude the bluest orders as the contribution of the MS component in those orders is too small. The errors on the RVs are scaled formal errors where the scaling factor is derived from MC simulations and depends on the S/N of the spectrum and the rotational velocity of the companion (Brahm et al. 2017) .
To avoid an offset between the radial velocities of the cool companion derived from the UVES and the FEROS spectra using respectively a template spectrum and a binary mask, we calculate for each system where spectra of both spectrographs are available, the radial velocity offset between the template and the mask. The radial velocities obtained from the FEROS spectra are then corrected for this offset. In all cases the offset is small, with the worst case being on the order of 100 m s −1 .
The radial velocities of the sdB components are more challenging to determine. In half of the analyzed systems only the He i blend at 5875.61Å can be used as other visible lines are contaminated by metal lines from the cool companion. In the other systems the presence of sharp metal lines from C, N and O improve the precision of the RV determination. In Table 1 the last column indiactes with '+' if the sdB component has strong metal lines that could be used in the cross correlation. To derive the radial velocities, a CC with a template spectrum calculated with Tlusty (Hubeny & Lanz 1995) is performed. If the spectral parameters of the sdB are known, a template with those parameters is used. Otherwise the best fitting template from a catalog with templates of different effective temperatures and surface gravities is used. The errors on the RVs are determined by using a the same MC method as for the MS companions described earlier.
The FEROS spectra have in general a lower S/N than the UVES spectra and FEROS is less sensitive in the blue. Therefore the metal lines that are visible in some of the sdBs can not be used in the cross correlation with the FEROS spectra. In a few cases also the He i blend at 5875.61Å is too faint to be used and only radial velocities of the MS component could be derived. This is partially caused by the He i 5875Å blend falling at the edge of the order and thus has a lower S/N. As the same template is used to derive the sdBs radial velocities in both spectra, there is no need to correct for an offset between both types of spectra.
To derive the radial velocities from the CHIRON spectra the exact same method as for the FEROS spectra was used, also using the functions that are part of the CERES pipeline. The CHIRON spectra have the advantage that the He i blend at 5875.61Å is not lost in the edge of an order, and can be used to derive radial velocities.
The RVs for both the MS and sdB components are given in the appendis in Tables A1 to A11 . Furthermore, they are plotted in Figs. A1 to A11.
Orbital parameters
To derive the orbital parameters from the RV curves the same method is followed as described in Vos et al. (2012) and Vos et al. (2013) . A Kepler orbit with eight free parameters, the orbital period (P ), time of periastron (T0), eccentricity (e), angle of periastron (ω), and for both components their radial velocity amplitudes (KMS and K sdB ) and systemic velocities (γMS and γ sdB ), is fitted to the radial velocities. The mass ratio q is defined as M sdB /MMS, and is derived from the radial velocity amplitudes KMS and K sdB . The system velocities of both components are fitted independently as the gravitational redshift can cause a significant difference in system velocity between the sdB and the MS component (see e.g. Vos et al. 2012) . Different from the method used in earlier papers, we employ a Markov-chainMonte-Carlo (MCMC) approach to determine the errors on the orbital parameters, and check that only one solution is possible. The MCMC method is implemented in Python using the affine invariant MCMC ensemble sampler emcee of Foreman-Mackey et al. (2013) . 250 walkers are randomly initialized to cover the entire parameters space, including the orbital period which is varied between 300 and 2000 days. Each walker is allowed 1500 steps of which the first 250 are removed to let the walker settle on its fit (burn in).
The remaining steps are used to calculate the posterior distribution. For all systems included in this article, only one orbital period emerged from the MCMC fit.
To test if the orbit is significantly eccentric, the Lucy & Sweeney (1971) eccentricity test is used. This test calculates the probability Pc of falsely rejecting that the orbit is circular. For low values of Pc it would be unreasonable to assume a circular orbit, while for high values the orbit is unlikely to be significantly eccentric. Here we follow the proposal of Lucy & Sweeney (1971) to only accept an eccentric fit if the probability of falsely rejecting the circular fit is smaller than 5% (Pc < 0.05). The Pc values for all systems are given in Table 2 . Only one system, J053939.1-283329, has a circular orbit.
The resulting parameters and their errors are given in Table 2 . The best fitting Keplerian orbits are shown in Figs. A1 to A11.
THE PERIODS AND MASS RATIOS OF WIDE SDB BINARIES
Currently there are eleven long period sdB+MS binaries with solved orbits. Of those systems ten have a known mass ratio; PG 1018-047 (Deca et al. 2012 (Deca et al. , 2018 , PG 1104+243 (Vos et al. 2012; Barlow et al. 2012) , PG 1449+653 (Barlow et al. 2013 ), Feige 87 (Barlow et al. 2012; Vos et al. 2013 ), BD+34
• 1543, BD+29
• 3070 (Vos et al. 2013 ) and lastly BD-7
• 5977, EC 11031-1348, TYC 2084-448-1 and TYC 3871-835-1 (Vos et al. 2017) . Furthermore the orbital period of PG 1701+359 was determined by Barlow et al. (2013) , but radial velocities for the companion could not be derived from the spectra, thus the mass ratio is not known. Lastly there is one system, EC 20117-4014 of which an orbital period is determined based on the light curve analysis by Otani et al. (2018) . Together with the eleven systems presented in this article, there are now 23 wide sdB binaries for which the orbital period is known, and 21 of them have fully solved orbits for both components. The orbital periods and mass ratios of all these systems are summarized in Table 3 . For those systems for which the mass ratio is known, we have calculated the orbital separation using the sdB mass derived from the orbital period -sdB mass relation of Chen et al. (2013) (see Sect. 4 and Table. 4).
The effect of the RV detection limits on the observed sample.
Before we consider the properties of the observed sample, it is important to understand the effects of the radial velocity detection limits of our observing program on these properties. Based on the accuracy of the different spectrographs (UVES, FEROS, CHIRON and HERMES), and the methods used to determine the radial velocities of both the sdB and the MS components we can detect and solve orbits with radial velocity amplitudes at least down to K sdB ≥ 5 km s −1 and KMS ≥ 3 km s −1 . In fact, the lowest detected amplitudes are for the system TYC 3871-835-1 observed with the HERMES spectrograph, with K sdB = 4.24 ± 0.20 km s −1 and KMS = 2.31 ± 0.04 km s −1 . Up to now we have not observed any sdB+FGK system in which we could not detect any radial velocity variations. To investigate the effect of these detection limits on the observed periods and mass ratios, we calculated which percentage of the possibly existing systems we can observe for different period -mass ratio combinations. As we are only interested in finding the effect of the detection limits, no stellar or binary evolution is taken into account in this procedure. To calculate the fraction of systems that we observed compared to the total number of systems that can exist, the sdB and MS radial velocity amplitudes for a random sample of systems are calculated. The properties of these systems were selected as follows. The mass of the sdB star is picked between 0.35 and 0.55 M , while the mass of the MS star varies between 0.60 and 1.50 M . The orbital period and eccentricity are limited between respectively 400 and 1400 days and 0.0 -0.30 to cover the ranges of the observed sample. Finally, the inclination is randomly selected on the sphere, with the fraction of randomly oriented axes between i and i + di being proportional to:
The radial velocity amplitudes are calculated using:
First, we can check which fraction of systems that are observable as a function of orbital period. Systems with longer orbital periods have lower amplitudes, and are thus harder to observe. In Fig. 1 we show the fraction of sdB+MS systems observable as a function of the orbital period. We find that at the short period end at 400 days we can detect 96 % of the systems, while at longer periods around 1400 days we can detect ∼ 90 % of all possible systems.
Due to its construction this sample has no relation between mass ratio and orbital period. Using the detection limits, the fraction of systems that can be observed can be calculated for different period -mass ratio combinations. This is shown in the top panel of Fig. 2 . As can be seen in that figure, our detection limits do not cause a significant Table 2 . Orbital parameters derived from the radial velocity curves for the eleven new sdB binaries. The last column given the probability of falsly rejecting a circular orbit (Pc) as defined by the Lucy & Sweeney eccentricity test.
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479 ± 2 6245 ± 19 0.10 ± 0.02 3.3 ± 0.2 10.4 ± 0.3 -72.0 ± 0.2 17.8 ± 0.4 -70.5 ± 0.6 <0.01 J162842.0+111838 1176 ± 30 6653 ± 798 0.15 ± 0.05 5.1 ± 0.9 3.4 ± 0.3 -43.0 ± 0.3 8.1 ± 0.5 -40.6 ± 0.7 3.30 PG 2148+095
1404 ± 92 5979 ± 108 0.21 ± 0.06 4.9 ± 0.8 7.1 ± 0.9 -141.5 ± 0.3 21.0 ± 1.8 -138.6 ± 0.3 0.02 Table 3 . The orbital period, separation and mass ratio of all 23 known long period sdB binaries with solved orbits. The separation is calculated using the sdB mass derived from the orbital period -sdB mass relation of Chen et al. (2013) , see Table 4 . correlation between orbital period and mass ratio. The minimum percentage of detectable systems is 83 % for the highest mass ratios irrespective of the orbital period, while the maximum detection rate is around 98 % at low mass ratios and average orbital periods. If our detection limits would be higher, e.g. K sdB ≥ 14 km s −1 and KMS ≥ 5 km s −1 , these limits would prevent us from observing a significant part of the period -mass ratio (P-q) distribution, and would result in a correlation between mass ratio and orbital period. This is shown in the bottom panel of Fig. 2 .
Based on this analysis we can conclude that the observed distribution of orbital periods is only slightly affected by the detection limits of our observing program. Therefore, any observed relation between the orbital period and the mass ratio has to be caused by evolutionary effects.
3.2 The effect of target selection on the observed sample.
The easiest systems to identify from both spectral and color selection are sdB binaries with an early F type companion as in that case both the sdB and the F star are clearly visible in the spectrum, and the F star would cause a clear IRexcess which is visible in the 2MASS colors. In our sample the binaries have cool companions ranging from mid-K to mid-F type MS stars. Systems in which the cool companion would be M or K5-9 type stars could potentially not have been selected as the cool star might not have been visible. However, K5 and earlier type stars have masses lower than the expected mass of an sdB star (∼ 5 M ). In this case, there is no possibility for the mass-loss phase to be stable, and a common envelope with a spiral in phase will take place. Therefor these systems are not expected to be part of the wide sdB+MS population. On the other end, it is possible that systems with a late type companion (F5-A) could have been missed. As the likely progenitors of the sdB binaries had masses up to ∼1.8 M , it is possible that sdB stars with companions up to early A-type stars could form. In this case, it is possible that they are not recognized as containing an sdB component. In practice, the composite sdB binary sample presented in Vos et al. (2018) on which this survey is based does not contain sdB+A type binaries. It is thus possible that sdB binaries with companions varying from mid-F and early-A type stars exist, but are not included in our sample. The possible effects of this are discussed in the following sections.
The orbital period distribution
Building on the work of Han et al. (2002 Han et al. ( , 2003 , Chen et al. (2013) performed a binary population synthesis (BPS) study focused on sdB binaries produced by the first stable RLOF channel. The orbital periods of sdB+MS systems depended on the mass of the sdB progenitors, with a division between progenitors with a mass higher than 2 M and those less than 2 M . Systems that had a progenitor mass < 2 M The percentage of all sdB+MS systems in each period -mass ratio bin that can be detected with our observing setup depending on the orbital period and mass ratio. Top panel: real detection limit of K sdB ≥ 5 km s −1 and K MS ≥ 3 km s −1 . Bottom panel: higher detection limits of K sdB ≥ 14 km s −1 and K MS ≥ 5 km s −1 . Higher detections limits could cause a period -mass ratio relation in which systems at longer periods and higher mass ratios would not be detectable. However, our actual detection limit does not lead to any pattern in period -mass ratio.
show a strong dependence between final sdB mass and orbital period, with orbital periods ranging from 400 to 1100 days. For systems with a progenitor mass higher than 2 M the final orbital period depends strongly on the angular momentum loss, and these systems are predicted to have orbital periods ranging from a few days up to ∼ 100 days. The division between these two groups is caused by the sharp drop of the radius of RGB stars with ZAMS masses below 2 M and H-rich envelope mass lower than a certain value relative to stars with ZAMS masses over 2 M . The period distribution of the observed wide sdB+MS sample is shown in Fig. 3 . This distribution takes into account the errors on the observed periods by treating each observation as a normal distribution with the error as standard deviation. In practice this distribution is obtained by picking 1000 orbital period from a Gaussian distribution centered at the observed period with the error on the observed period as standard deviation. This is done for all systems, and the histogram shown in Fig. 3 is created from these 23000 points. To avoid over interpreting the data, the bins of the histogram are set at 200 days. The distribution of all systems that are part of the period -mass ratio relation is shown in blue, while the contribution of the three outlier systems is shown in gray (see also Sect. 3.4).
The periods of all observed systems are significantly longer than those predicted for sdB+MS binaries originating from high-mass sdB progenitors. However, they match well with the predictions for sdB+MS binaries with lowmass progenitors (red full line in Fig. 3) . The shortest orbital period of 479 days matches with the lower limit of 400 days from the BPS models, but the longer period systems do reach periods a few 100 days longer than predicted. A solution proposed by Chen et al. (2013) is that their calculations do not take atmospheric RLOF into account, which would increase the final orbital period. When atmospheric RLOF is included (red dashed line in Fig. 3 ), orbital periods as long as ∼ 1600 days can be reached, thus covering all observed systems.
If the three outlying systems would be the result of another formation channel, they should be excluded from this comparison (thus only the blue bars in Fig. 3 should be considered). In that case the main conclusion still holds. The observed period distribution matches with the predictions of the BPS studies of Chen et al. (2013) . Only the lower limit of the predicted period range is a few 100 days shorter than the lower end of the observed periods. Following the results of Chen et al. (2013) that the final orbital period is directly dependent on the final mass of the sdB star, this would limit the mass of the sdB stars between 0.40 (Z = 0.02) and 0.50 M (Z = 0.004) If the three outlying systems are excluded, the lower mass limit is 0.43 M (Z = 0.02), see also Sect. 4.
The period -mass ratio relation
When comparing the orbital periods and the mass ratios of the wide sdB binaries it is immediately clear that there is a strong correlation between those two observables. In Fig. 4 the mass ratio is plotted versus the orbital period on the left and versus the orbital separation on the right. The mass ratio is defined as q = M sdB /MMS. It is clear from those figures that the majority of the systems (18 out of 21, shown in blue circles in Fig. 4) show a clear relation of higher mass ratios at shorter orbital periods. The Pearson test (Pearson 1896) was used to calculate the correlation between these observables. It is defined as the covariance of the two variables divided by their standard deviation. In the case of the period versus the mass ratio, the Pearson test yields a negative correlation of r(P, q) = −0.83 with a confidence level larger than 99% (p value < 0.001). In the case of the orbital separation versus the mass ratio, the correlation is even stronger with of r(a, q) = −0.91 with p value < 0.001. A linear fit to the P-q and separation -q relation yields the following observed relations, with errors in brackets: There are three systems -PG 1514+034, J022836.7-362543 and PB 6355 (shown in green squares in Fig. 4) that do not follow this P − q relation. It can be argued that these three outliers show the same trend of higher mass ratios at shorter orbital periods, but shifted to lower orbital periods. However, as there are only three systems in this secondary group, a quantitative statement about a possible relation cannot be made. It is however clear that there are two distinct groups with a gap in between them. At this point, taking into account the observational bias (see Sect. 3.1), it would be unjustified to assume that there would be a continuous distribution and that the gap between the two groups will be filled when more systems will be observed.
As mentioned in Sect. 3.2, the wide sdB sample might be lacking sdB binaries with late F to A-type companions. Based on the correlation between the orbital period and the mass ratio, these systems would be located at the long period end of the P-q relation. It is thus possible that future observations will extend the P-q relation to longer orbital periods.
THE STABILITY OF RLOF
According to the sdB mass -orbital period relation given by Chen et al. (2013) , we obtained the masses of sdBs with wellknown orbital periods, as shown in Table 4 . For simplicity, we only consider population I stars, and the atmospheric-RLOF is included to cover the systems with orbital periods longer than ∼ 1200 days. The minimum and maximum sdB masses are obtained from the observational errors on the orbital periods.
In Table 4 , we see that the sdB mass for the first eight systems is less than 0.4425 M , the minimum sdB mass obtained from the stable RLOF channel when the progenitor of the sdB star has a mass of M1 = 1.6 M ( Table 4 in Han et al. 2002) . It means that these objects are likely produced from progenitors with M1 > 1.6M , where the helium core in giants transfers from degenerate state to nondegenerate state gradually. In this mass range, with an increase of the stellar mass, the core mass range for He ignition decreases first and increases again after M1 is more massive than ∼ 2M , as shown in Fig. 1 of Han et al. (2002) 1 So, there is a minimum in the parameter space for producing sdB stars when the He core changes from degenerate to nondegenerate state. The gap near the short-orbital period end in Fig. 4 then could be understood and the outliers in the Figure ( i.e. the first three samples in Table 3 ) are likely from more massive progenitors with non-degenerate He cores. Detailed binary evolution calculations are necessary to confirm this, and the mass of the outliers should be revisited accordingly.
Given the sdB mass in Table 4 and the mass ratio of Table 3 , for each system, we can calculate the companion mass and corresponding errors, from which the initial companion mass can be derived for various accretion efficiencies during RLOF. Eventually, we can obtain the mass ratio at the onset of RLOF for a given progenitor mass of sdB stars. The results are shown in Fig. 5 , where 5 systems (the first 3 in Table 3 , and the two without observed mass ratio PG 1701+359 and EC 20117-4014) have been excluded.
We assume that the companion has not accreted any material during RLOF, which gives the maximum initial companion mass and the lowest mass ratio of the binary at the onset of RLOF. This assumption is supported by estimates of the amount of accreted mass based on the rotational velocity of the companions , which indicates that very little mass is accreted by the companions during the RLOF phase. Further support for this assumption is that the evolutionary state of some of the companions does not allow for the accretion of large amounts of mass (e.g. Vos et al. 2012) . Although the assumption of no accretion might seem somewhat ad-hoc, the derived qi (Mprog/Mcomp) in Fig. 5 is the lower limit for the mass ratio at the onset of RLOF, since the companion is less massive if accretion is included. Furthermore, only the models with initial mass ratios greater than 1.0 have been presented in the figure, since the progenitors of sdB stars are more evolved and should be initially more massive than their MS companions. Figure 4 . The mass ratio as a function of orbital period (left) and separation (right) of 21 wide sdB binaries with known orbital parameters. The separation is calculated using the sdB mass derived from the orbital period -sdB mass relation of Chen et al. (2013) , see Table 4 . There are two separate groups visible. The main group (blue circles) follows a strong relation of a lower mass ratio at longer orbital periods. These systems are thought to be formed from progenitors with a degenerate He core. For this group, the best fitting linear relations between the mass ratio and the orbital period and separation given in Eq. 3 and 4 are plotted in red dotted line. The second group consisting of 3 systems (green squares) has shorter orbital periods than the main group, and are thought to be formed from more massive progenitors with a non degenerate He core.
As shown in Fig. 5 , the initial mass ratio generally decreases with sdB mass. As the hydrogen envelope is only about 1-2 % of the total mass of an sdB star, the sdB mass corresponds roughly to the core mass of the red giant progenitor at the start of RLOF. Different progenitor masses give different initial mass ratios as expected. We can define an upper limit on the initial mass ratio (qi) in function of the sdB mass above which RLOF will not be stable anymore:
where M sdB is the mass of sdB star in solar mass. This relation is shown in dotted black line in Fig. 5 . The upper boundary of the mass ratios seen in Fig. 4 can be well reproduced, if the dotted line in Fig. 5 is used as the critical mass ratio for stable RLOF. Moreover, the critical mass ratio given by the dotted line is consistent with that obtained from detailed binary evolution calculations performed by Han et al. (2002) and Chen & Han (2008) , that is, the critical mass ratio decreases when the giant evolves upwards along the giant branch and its core mass increases.
In a similar fashion a lower limit on the initial mass ratio can be derived as:
where the minimum mass ratio has to be larger than one. This relation is shown in dashed black line in Fig. 5 . Applying Equation 6 as a lower limit on the inital mass ratio will reproduce the lower boundary of the mass ratios in Fig. 4 . However, at this moment such a lower limit is not predicted by theoretical models. sdB binaries with late F to A type companions are expected at longer orbital period. The current sample does not contain any of these system, but by extrapolating the observed relations their location in Fig. 5 can be estimated. sdB+A binaries would have initial mass ratios close to 1, and following the relationd from Chen et al. (2013) have higher core masses. Henceforth they would fill in the lower right corner of Fig. 5 .
SUMMARY AND CONCLUSIONS
In this article we have presented orbital solutions for 11 new long period hot subdwarf binaries with main sequence companions based on spectroscopic observations taken with the UVES, FEROS and CHIRON spectrographs. These systems are all part of a long term observing program focused on wide composite sdB binaries. This brings the total number of systems with solved orbital parameters to 21, with two more systems for which orbital periods are known, but for which no mass ratio could be derived.
An analysis of the detection limits of our observing program shows that the sensitivity of the observations is sufficiently high that it does not impose any correlations on the observed orbital properties. All observed relations are thus caused by evolutionary effects.
The orbital period distribution corresponds very well to the predicted period distribution for composite sdB binaries formed through the first stable RLOF formation channel of Chen et al. (2013) . The observed orbital period distribution clearly indicates that including atmospheric RLOF is necessary to explain the very long period systems.
An important new result is the discovery of a strong correlation between orbital period and the mass ratio. In the Table 4 . The sdB masses for all 23 wide sdB binaries with known orbital periods obtained from the sdB mass -period relation given by Chen et al. (2013) for population I. The minimum and maximum sdB masses are obtained from observational errors on the orbital periods. Atmoshperic-RLOF is included. P-q plane, two groups of systems are visible, with the majority (18 systems) following a tight relation of lower mass ratio at longer orbital periods. The remaining three systems form a separate group that is located at shorter orbital periods with respect to the main group. The second group shows a similar P-q relation as the main group, but with only three systems this is not statistically significant. The observed P-q relation can be linked to the stability of RLOF on the RGB. Assuming that the sdB mass follows the sdB mass -period relation obtained by Chen et al. (2013) and that no mass has been accreted by the companion during RLOF, we show the initial mass ratio of the observed long period sdB samples depends on the progenitor core mass at the onset of RLOF. More specifically, the initial mass ratio decreases with increasing core mass, which is in accordance with the theoretical results of Chen & Han (2008) that show that the critical mass ratio for stable RLOF decreases when the giant donor evolves upwards along the giant branch and its core mass increases. Based on our observations we derived an upper and lower limit on the initial mass ratio in function of the core mass, in between which a binary system will undergo stable RLOF. 
